Transient effects such as overvoltage and inrush currents will be caused due to opening and closing the switchgear at random phase. Phase-controlled technology present in recent years, which is restricted by the operation dispersion of actuator, can limit the transient effects. And the dispersion of the switchgear with a permanent magnetic actuator (PMA) is small. Therefore, the research of mathematical method and position control in this paper is based on the PMA. Firstly, the dynamic mathematical method and simulation system established in MATLAB are used to improve the design of the PMA owing same type. Secondly, simulation with the use of improved fuzzy algorithm is carried out. And an optimized self-adaptive fuzzy algorithm is obtained in the simulation process which can be used to trace the given displacement curve. Finally, a large number of tracing experiments have been done on the 35 kV breaker prototype to verify the effectiveness of the algorithm. In the experiments, the closing time of breaker can be stabilized within ±0.5 ms when capacitor voltage and capacitance change. These results prove that the mathematical model and the fuzzy algorithm are effective and practical.
Introduction
Phase-controlled technology [1, 2] , which has become an increasingly useful method to decrease the high inrush current and overvoltage in power system, is opening or closing circuit breaker at the optimal phase of current or voltage. As the precision of synchronous switch depends on the closing and opening time dispersions, the stability of the actuator becomes pivotal. PMA, which acts stably and can be controlled very well, is suitable for vacuum circuit breaker. However, the stability of PMA changes with external factors such as capacitor voltage and capacitance. In this paper, the variation of displacement curve is collected and analyzed in real time, and the controller gives a relevant command to trace the given displacement curve. It achieves the speed control in real time and ensures the precise control of synchronous switch.
In this paper, the dynamic model of monostable PMA is established. And the pulse width modulation (PWM) technology and fuzzy adaptive algorithm are applied in the closed-loop system in which free-wheeling process of coil has been taken into consideration. The details of the system will be described in the following part. Displacement value of actuator is collected real time with a linear displacement sensor. And displacement deviation can be obtained by comparing the collected value with the given standard curve. Duty cycle of PWM is then adjusted by the fuzzy controller according to displacement deviation and the changing rate of deviation. Thus, coil current will be changed in accordance with the duty cycle of PWM, and then the velocity of actuator can be adjusted. The results of simulation in MATLAB with different capacitor voltages prove that the given curve can be traced well with the control method. In addition, a large number of tracing experiments have been done on the 35 kV breaker prototype when capacitor voltage and capacitance change. DSP2812 is used in the hardware system. The experimental results show that the closing time of breaker can be stabilized within ±0.5 ms and the control algorithm is effective and feasible.
Structure and Analysis of the System
2.1. Structure of the System. In this paper, a closed-loop control [3] [4] [5] [6] [7] [8] method is used to realize the adaptive control of system. Dynamic process of PMA can be divided into two stages according to the state of the core: one is exciting stage of coil current and the other is moving stage of core. Fuzzy control algorithm and proportional control method are adopted in this system. Proportional control is used to trace the standard current in exciting stage, while fuzzy control is used to trace the standard displacement in moving stage.
There is a switch, whose time is determined by the exciting time of the coil, to select the two stages above.
A displacement sensor and a hall sensor are used to measure the current and displacement data. And the realtime data are sent to AD sampling module in DSP. By comparing real-time data with the given value of standard curve, the deviation of the displacement of core can be found. Then, the deviation is calculated by the control algorithm, and the controller outputs a different duty cycle of the PWM pulse to drive the IGBT. Finally, IGBT is switched on and off to control the discharge of the capacitor, so that the speed of the moving core is controllable. The structure of the whole system is shown in Figure 1. 
2.2.
Analysis of the System. The general structure of the system is shown in Figure 2 . Direct current is supplied for the coil by the precharged capacitors. Bridge circuit, consisting of four IGBTs, is used to realize PWM control of the monostable PMA. The basic model of the system is found based on voltage balance equation of the electromagnet coil which produces electromagnetic force to drive the actuator:
In the balance equations [9] [10] [11] [12] [13] above, ( ) is the voltage of the capacitor, is the resistance of the coil, ( ) is the magnetic flux of coil, ( ) is the discharging current of circuit, and is the capacitance. In the closing process of the circuit breaker, VT1 and VT4 are triggered when the PWM controller outputs a high level. Then, the capacitor discharges through the IGBT to the coil whose inductance generates a reverse electromotive force . As is shown in Figure 3 (a), equivalent electric circuit resulted according to Kirchhoff 's Laws.
VT1 and VT4 are turned off when the PWM control circuit outputs a low level and the free-wheeling diodes D2 and D3 are conducted. Original direction of the current can still be maintained for a while because of the coil inductance. Yet the direction of electromotive force will change. Thus, the energy stored in the coil inductance feeds back to the capacitor through the free-wheeling circuit. This freewheeling process results in the increase of capacitor voltage. Equivalent circuit is shown in Figure 3 (b), and the voltage balance equation is shown below: Both the electromagnetic parameters and mechanical parameters of the actuator change when the core moves. Newton's law is used to analyze the dynamic process. These equations of discharging process and free-wheeling process are shown as follows.
Discharging process:
Free-wheeling process:
2.3. Hardware Structure of the System. The hardware structure is shown in Figure 4 . In CPU controller module, DSP2812 is the core of hardware system. When motion commands are given by signal input module, CPU will control the breaker closing or opening. A breaker has three phases, including phase A, B, and C, so the system comprises three displacement sensors and three hall current sensors. Linear displacement sensor is used to collect displacement value of actuator. Hall current sensor is used to collect the current value. Current and displacement signals are converted into an electric signal by sensors. In AD module, a semiconductor chip collects the current and displacement values. AD means that the analog value is transformed to digital value. The data is received and processed by CPU controller. Variable PWM of CPU controller is outputted after the data is calculated in 2812 with the algorithm.
Control Algorithm

Proportional Control Method.
In the current exciting stage, the current data is acquired. The formula is shown below:
where ( ) is the current data acquired at the moment by current hall sensor, ( − 1) is the current data at the ( − 1) moment, and out ( ) is the output duty cycle of PWM at the moment. polling list, which is calculated by the computer, is used to quantify the and into the polling list. According to the quantized result, corresponding output value is obtained. The disadvantage of the method is that the value of the fuzzy controller polling list is constant. It means that the weighted value cannot be changed. This method cannot meet the demand of the circuit breaker control. In this paper, fuzzy algorithm [14] [15] [16] [17] [18] with a parameter self-adjustment function is adopted and described as follows. is the weighting factor with which the polling list can be adjusted in real time. When deviation is large, the output energy should be increased to decrease the deviation as quickly as possible. When deviation is small and the / ( ) is large in the process, the system must go into steady state as quickly as possible. In addition, in order to avoid the oscillation when the given displacement value is approached, the integration part shown in formula (11) is brought in. Here, the deviation is the difference between measured displacement and given standard displacement. The / ( ) is the changing rate of deviation . The parameter self-adjustment function is shown below:
Fuzzy Algorithm with a Self
In formula (6) , is the weighting factor and its value changes with the deviation which varies every moment, is a constant parameter which is selected through large number of experiments, and is the given value of the breaker stroke. ( ) is the displacement value at the moment, ( − 1) and ( − 2) are the displacement values at − 1, − 2 moments. From (7) and (8), the whole displacement is discrete. According to formula (6), fuzzy rule can be adjusted continuously with the change of deviation . This method overcomes the disadvantage that output value is constant and the fuzzy rule could not be adjusted itself. Considering the oscillation phenomena when the given curve is approached, the integral is brought in the algorithm. The fuzzy rules are determined by the following formula: 
where is the fuzzy value of deviation e. is the fuzzy value of deviation variation / , is the sum of 0 and , and 0 is the basic duty cycle obtained by switching characteristics tester. 1, 2, and 3 are quantization factors which can quantify practical deviation into language variable domain.
is the integral coefficient of deviation , Δ is the fuzzy output value, is actual output value, and 1 and 2 are the thresholds of deviation . According to the experimental results, the parameters 1, 2, , and will change until these parameters can adapt the variation of external factors such as capacitor voltage and capacitance. So the algorithm is intelligent. The schematic diagram is shown in Figure 5 .
Deviation and are quantified into seven grades in this paper. The fuzzy rules form Table 1 and the surface of fuzzy rules in fuzzy controller are shown in Figure 6 .
Simulation Model and Analysis.
Ansoft Maxwell is used in simulation to achieve static magnetic field analysis of PMA. From the formula (14) and (15), function libraries of magnetic flux and electromagnetic force of core are obtained:
( ) = ( ( ) , ( )) .
The static function libraries, which are shown in Figure 7 , are prepared for the function call in simulation. The curved surface is different for different operating mechanisms. In this paper, the curved surface is suitable for 35 kV circuit breaker.
According to the conclusion above, simulation model of the system in MATLAB is drawn in Figure 8 . Onedimensional interpolation and two-dimensional interpolation are used to calculate the electromagnetic force and the coil flux of PMA. The resistance of friction and spring force at different displacements is given by a one-dimensional interpolation function. The current is calculated by the displacement in the subsystem.
The speed regulation of PMA aims at the target that closing time of circuit breaker remains unchanged in different circumstances such as capacitor voltage, and capacitance. In the simulation of this paper, experiential and reasonable standard curves are given at the capacitor voltage of 300 V. The blue curves in Figure 9 are the standard displacement curve and coil current curve. The red curves are obtained by 
Experiments
Based on the previous theory and algorithm, a large number of tracing experiments have been done. And the standard curve is followed on prototype when capacitive voltage and capacitance change. The displacement of PMA can be divided into two parts: opening travel and super path. In the following diagram, the whole distance is 22 mm, in which the value of opening travel is 18 mm. The rest of the part beyond this value is no longer considered for the reason that contacts of the breaker have been closed. range of 190 V to 230 V. Displacement curves in Figure 11 are obtained without of the controlling algorithm. By the and fuzzy algorithms in the system, curves in Figure 12 are obtained. In Figure 12 , it seems that the whole moving process of the actuator is traced well when voltage changes and the mechanical properties of actuator can keep optimal by and fuzzy algorithms. In other words, speed of actuator can be controlled while every displacement point is approached well. The closing time is shown in Table 2 . From the data in Table 2 , the maximum deviation of time is 10 ms without adjustment. For the relationship between the capacitor power and the square of voltage is linear, the capacitor power varies much when capacitor voltage changes slightly. It is difficult to correct the displacement deviation caused by changes of voltage. However, the closing time is reduced within ±0.5 ms by the use of the algorithm. Closing time dispersion is decreased largely, and the accuracy of phase-controlled operation is also improved.
Experiment of Mutative
Experiment of Mutative Capacitance.
Experiments have been carried out on prototype one when capacitance changes at intervals of 3000 uf. Displacement curves in Figure 13 are obtained without PD and fuzzy algorithm. By the use of the algorithm, curves in Figure 14 are obtained. Curves in Figures  13 and 14 show the whole stroke of actuator. It is about 22 mm. In Figure 14 , we can see that the whole movement process of the actuator is traced well when capacitance changes. In Table 3 , there are two groups of data showing the closing time of breaker: one is with the control of algorithm and the other is without control of algorithm. From the data in Table 3 , the maximum deviation of time is 2.57 ms without adjustment. The deviation is reduced to 0.5 ms by the use of the algorithm. We can also find that the impact to the closing time decreased with the increasing of the capacitance. It is for the reason that the output power is insufficient when the capacitance is large enough. But in fact, when the capacitance increases to a certain value, it no longer has effects on the closing speed of iron corn. The capacitor power equals (1/2) 2 . It is a linear relationship with the value of capacitance. Therefore, capacitance has a small impact on displacement deviation, which can be easily corrected. According to the adjustment above, larger capacitance should be selected to overcome the time deviation.
Conclusion
According to the content of this paper, there are four conclusions summarized below. (1) In this paper, the research of mathematical method and position control, which is based on the PMA, has been done. Closed-loop system has been established in which free-wheeling process of coil is considered. The discharging and free-wheeling process is analyzed, and the system equations are solved by the method Runge-Kutta. Using the proportional control method and fuzzy algorithm in the simulation system, the given curve can be traced well. The results prove that the method in this paper is effective and this method can guide the practical experiments. (3) With the algorithm proposed in this paper, the deviation of displacement can be corrected very well. Besides, through the experiments, the choice of capacitance value and capacitor voltage value can be guided. The capacitor power also can be fully utilized.
(4) By the use of this algorithm, displacement deviation can be corrected, and the closing time can be stabilized within ±0.5 ms. The lifespan of circuit breaker can be prolonged for the reason that the actuator has a rational closing velocity. The accuracy of phasecontrolled operation can also be ensured.
